Ciliopathies are pleiotropic human diseases resulting from defects of the primary cilium, and these patients often have cleft lip and palate. IFT88 is required for the assembly and function of the primary cilia, which mediate the activity of key developmental signaling pathways. Through whole exome sequencing of a family of three affected siblings with isolated cleft lip and palate, we discovered that they share a novel missense mutation in 
ABSTRACT
Ciliopathies are pleiotropic human diseases resulting from defects of the primary cilium, and these patients often have cleft lip and palate. IFT88 is required for the assembly and function of the primary cilia, which mediate the activity of key developmental signaling pathways. Through whole exome sequencing of a family of three affected siblings with isolated cleft lip and palate, we discovered that they share a novel missense mutation in IFT88 (c.915G>C, p.E305D), suggesting this gene should be considered a candidate for isolated orofacial clefting. In order to evaluate the function of IFT88 in regulating craniofacial development, we generated Wnt1-Cre;Ift88 fl/fl mice to eliminate Ift88 specifically in cranial neural crest (CNC) cells. Wnt1-Cre;Ift88 fl/fl pups died at birth due to severe craniofacial defects including bilateral cleft lip and palate and tongue agenesis, following the loss of the primary cilia in the CNC-derived palatal mesenchyme. Loss of
Ift88 also resulted in a decrease in neural crest cell proliferation during early stages of palatogenesis as well as a downregulation of the Shh signaling pathway in the palatal mesenchyme. Importantly, Osr2KI-Cre;Ift88 fl/fl mice, in which Ift88 is lost specifically in the palatal mesenchyme, exhibit isolated cleft palate. Taken together, our results demonstrate that IFT88 has a highly conserved function within the primary cilia of the CNC-derived mesenchyme in the lip and palate region in mice and is a strong candidate as an orofacial clefting gene in humans. 
INTRODUCTION
Orofacial clefting is one of the most common human birth defects occurring at rates of 1/500-1/2,500 live births (1) . The underlying etiology is complex and multifactorial with a wide range of influences including genetic, environmental, geographic, racial and ethnic, as well as socioeconomic status (2, 3) . The palate separates the nasal and oral cavities, allowing for the development of speech and efficient swallowing. The patterning and growth of the palatal shelves are mediated by continuous reciprocal epithelialmesenchymal interactions regulated by multiple signaling pathways and transcriptional factors (4) . Cell migration, proliferation and apoptosis in both palate epithelium and cranial neural crest (CNC)-derived ecto-mesenchyme are all involved cellular mechanisms that contribute to palatogenesis (5) (6) (7) (8) (9) (10) (11) . A cleft palate may result from intrinsic defects in palatal shelf growth, elevation, midline fusion, or disappearance of the midline epithelium (12) . Extensive human genetic studies have attempted to identify the mutations responsible for cleft lip and palate, although the majority of genetic causes remain elusive (13, 14) . A growing number of genetic and developmental animal models, especially mouse models, have been created to study the mechanisms of craniofacial development because of their remarkable similarities with human defects in palatal growth and morphogenetic processes.
Recent studies have demonstrated that cilia play critical tissue-specific roles in craniofacial development (15) . The primary cilium is a microtubule-based organelle that extends from the surface of differentiated cells and functions to mediate intercellular signals and other cues received from its environment (16) (17) (18) . The primary cilium is particles are large complexes of more than 20 proteins organized into two subcomplexes, complex A and B, which mediate bidirectional movement of protein cargo along axonemal microtubules (19) . Mutations in proteins of the cilia result in a group of human inherited diseases referred to as ciliopathies (20) . Ciliopathies typically comprise a heterogeneous group of congenital diseases with a wide range of phenotypes including polycystic disease, hepatic fibrosis, retinal degeneration, hearing defects, skeletal dysplasia, polydactyly, brain malformations and orofacial clefting (21) (22) (23) (Fig. 1H,I ). Widening of the frontonasal prominence was detectable in newborn 
Ift88
fl/fl CKO mice (Fig. 1J,K) . In newborn mice, the medial edge epithelium had fused and the palatine bones had almost reached the midline of control mice, whereas in Wnt1-Cre;Ift88 fl/fl mice, the palatine bones were dysmorphic and did not extend towards the midline ( Fig. 1L-O) .
Next, we examined the defects in CNC-derived craniofacial bones, such as the premaxilla, 3A ,B), indicating that the availability of mesenchymal progenitors was unaffected in the absence of Ift88. Next, we examined mesenchymal cell proliferation and survival. We evaluated cell proliferation using phosphohistone H3(PH3), a marker of proliferation. At Thus, loss of Ift88 in the CNC-derived mesenchyme resulted in decreased cell proliferation in the palatal shelf during palatogenesis, but migration and apoptosis were unaffected.
Ciliary defects in the palatal mesenchyme of Wnt1-Cre;Ift88 fl/fl mice
We investigated the effect of loss of IFT88 on cilia during palate formation using the cilia markers acetylated α-tubulin and ϒ-tubulin. Acetylated α-tubulin and Ift88 are localized 
Ift88 is specifically required in the palatal mesenchyme
To focus more precisely on the role of Ift88 in palatogenesis, we generated Osr2KI-Cre;Ift88 fl/fl mice. Osr2 is specifically expressed in the mesenchyme of the palatal shelves and tooth germ from E12.5 to newborn stage (59) . Newborn Osr2KI-Cre;Ift88 fl/fl mice exhibited cleft palate, but their tongues and mandibles were unaffected ( Fig. 5A-F ).
Histological analysis indicated that palatal shelves in Osr2KI -Cre;Ift88 fl/fl mice were able to reorient from a vertical to a horizontal position but could not establish contact in the midline (Fig. 5G-L) . The cleft palate in these mice suggests that Ift88 is important for CNC derived mesenchyme proliferation and differentiation during palatogenesis. Fig. 6A-B) . We also examined the expression pattern of receptors for the Shh pathway. Ptch1 expression was significantly downregulated in the palatal mesenchyme but was unaffected in the palatal epithelium, consistent with a disruption of Shh signaling ( Fig. 6C-D) . In parallel, we also found that Axin2 expression level was elevated on the oral side of palatal mesenchyme in Wnt1-Cre;Ift88 fl/fl mice (Suppl. Fig. 2 ), suggesting that IFT88-mediated ciliary defects may also affect canonical Wnt signaling pathway during palatogenesis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 mice, which specifically target only neural crest cells, did not show evidence of organ abnormalities other than craniofacial defects. Therefore, we propose that IFT88 is a strong candidate for further investigation of its role in human non-syndromic cleft palate.
Ciliary defects result in loss of function of Shh signaling in the CNC derived mesenchyme
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Role of the cilia in craniofacial development and formation of the palatal shelf
Primary cilia are highly dynamic in their extension and retraction and vary in length, in a manner tightly linked with proliferation and sensitive to molecular and mechanical stimuli. Ift88 is associated with the centrosome throughout the cell cycle and controls cell 15 craniofacial phenotypes in mouse models, indicating that bidirectional transport in the primary cilia is required for activation of Shh signaling (16, 19, 66) . The differential effect of mutations in specific IFT proteins on the Hh pathway may be attributable to the specific Gli family member, Gli1, Gli2 or Gli3, functioning in that specific tissue. One mechanism by which ciliary defects are associated with a gain of function of Shh is as a result of loss of Gli3 repression (42, 46, 67, 68) . In some tissues, Gli3 expression is directly regulated by Wnt pathway activity and IFT is required for the regulation of the canonical Wnt pathway (69 
MATERIALS AND METHODS
Human Subjects
Approval for study on human subjects was obtained from the University of Southern California Institutional Review Board (HS 13-00028). A family with cleft lip and palate of unknown etiology was recruited for participation in the study from Shriner's Hospital for Children. Informed consent was completed and clinical information including a threegeneration pedigree was obtained. The family presented with three teenage children with isolated cleft lip and palate, normal growth and development but severe speech dysfunction related to their clefting. Parents also have two unaffected daughters, one of whom has a daughter with cleft lip and palate (not available for examination). Both parents were nondysmorphic and had normal speech. The father's skin had diffuse patches of hypopigmentation (likely vitiligo) and his oral exam was significant for a broad uvula and white middle linear groove in his palate (zona pellucida). Oragene saliva kits (DNA Genotek, Inc.) were used to collect saliva samples from the mother and three affected siblings and DNA was extracted using standard protocols (77) .
Whole Exome Sequencing, Data Analysis and Sanger Confirmation
Whole Exome Sequencing was carried out using the Ion AmpliSeqExomeKit (Life Technologies Inc.) to amplify more than 97% of all Consensus Coding DNA Sequence Proton machine. After the sequencing run, the raw data was processed through Torrent
Suite™ Software for quality check, sequence alignment and variant calling against the human GRCh37/hg19 reference sequence, from which BAM and VCF files were generated. Between 35-45 million on-target reads were produced for each sample; the mean depth of exome coverage was 85-110x with average uniformity of 90%, and at least 95% of SNP variants were covered at above 20x, in line with the manufacturer's technical specifications. The SNP exonic nucleotide transition/transversion rate and SNP quality were checked in the ANOVA-based online bioinformatics tool Tute Genomics.
VCF files were uploaded into Tute Genomics for variant annotation, filtering and candidate variant analyses.
Raw data was processed for variant annotation, which provided information about which 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Animal Information
We generated mice with conditional loss of function of 
Histological Analysis
Samples were fixed in 4% paraformaldehyde (PFA) and processed into paraffinembedded serial sections using routine procedures. Anatomical markers such as eyes and first molars were used to ensure the sections were taken from the same location. For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 
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MicroCT Analysis
Control and Wnt1-Cre;Ift88 fl/fl newborn mice were collected, and heads were fixed in 4%
PFA at 4°C overnight. Skull images were acquired using a micro-computed tomography (micro-CT) system (Scanco Medical;V1.2a). Visualization and 3D micro-CT reconstruction of the skull were performed using Isosurface parameters in Avizo 7.1 (Visualization Sciences Group). Quantification analyses were carried out on 3D microCT images from control and Wnt1-Cre;Ift88 fl/fl mice with anatomical landmarks as reported (79) .
Alcian Blue and Alizarin Red Staining
The three-dimensional architecture of the craniofacial skeleton of Wnt1-Cre;Ift88 fl/fl and control mice was examined using a modified whole-mount Alcian Blue/Alizarin Red S staining protocol. Newborn mice were fixed in 95% ethanol for 72 hours after removal of the skin and internal organs. The skeletons were stained with 0.02% Alcian Blue 8GX for 3 days. The samples were washed with 95% ethanol for 2 hours, then treated with 0.5N KOH for 24 hours. Once the cartilage was clearly detectable, Alizarin Red staining was performed overnight. Finally, the samples were treated with a series of KOH-glycerol and storedin glycerol with a crystal of thymol.
Apoptosis and Proliferation Analyses
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X-gal staining
Embryos were collected at E13.0, fixed in 0.2% glutaraldehyde in PBS with 2mM MgCl 2 overnight at 4°C. After dehydration in 15% sucrose at room temperature until the sample sank to the bottom, the samples were soaked in 50% OCT by volume (Sakura Tissue-Tek, 4583) and 30% sucrose at room temperature for 1.5 hours before embedding. Samples 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 22 were sectioned at 8 µm-thickness, followed by X-gal staining according to standard protocol, as previously described (80) .
In situ hybridization
The expression patterns of Ptch1 were examined by in situ hybridization using digoxigenin-labeled antisense probes following standard procedures (59) . Sense probes or PBS solution were used as controls.
Statistical analysis
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